When confronted with metabolic stress, replicative Legionella pneumophila bacteria convert to resilient, infectious cells equipped for transmission. Differentiation is promoted by the LetA/LetS two-component system, which belongs to a family of signal-transducing proteins that employ a four-step phosphorelay to regulate gene expression. Histidine 307 of LetS was essential to switch on the transmission profile, but a threonine substitution at position 311 (T311M) suggested a rheostat-like function. The letS(T311M) bacteria resembled the wild type (WT) for some traits and letS null mutants for others, whereas they displayed intermediate levels of infectivity, cytotoxicity, and lysosome evasion. Although only 30 to 50% of letS(T311M) mutants became motile, flow cytometry determined that every cell eventually activated the flagellin promoter to WT levels, but expression was delayed. Likewise, letS(T311M) mutants exhibited delayed induction of RsmY and RsmZ, regulatory RNAs that relieve CsrA repression of transmission traits. Transcriptional profile analysis revealed that letS(T311M) mutants expressed the flagellar regulon and multiple other transmissivephase loci at a higher cell density than the WT. Accordingly, we postulate that the letS(T311M) mutant may relay phosphate less efficiently than the WT LetS sensor protein, leading to sluggish gene expression and a variety of phenotypic profiles. Thus, as first described for BvgA/BvgS, rather than acting as on/off switches, this family of two-component systems exhibit rheostat activity that likely confers versatility as microbes adapt to fluctuating environments.
In aquatic reservoirs, the Gram-negative bacterium Legionella pneumophila resides within biofilm communities (26) . When ingested by various species of amoebae or ciliated protozoa, the microbe avoids digestion and instead establishes a protective intracellular niche (26) . Consequently, if humans inhale aerosols contaminated with L. pneumophila, the bacteria can parasitize alveolar macrophages and cause the acute pneumonia Legionnaires' disease (30, 40) . Due to the disparate conditions under which L. pneumophila persists, the pathogen must employ strategies that enable swift adaptations to environmental fluctuations.
One mechanism by which L. pneumophila acclimates to its surroundings is by altering its cellular physiology, a process known as differentiation (45) . When either protozoa or macrophages engulf transmissive-phase L. pneumophila, the microbes avoid lysosomal degradation and instead establish vacuoles isolated from the endosomal network, a process mediated by the Dot/Icm type IV secretion system (T4SS) (5, 54, 58, 69) and the shedding of vesicles rich in lipopolysaccharide (24) . If conditions in the vacuole are favorable, L. pneumophila represses its transmissive traits and instead undergoes robust replication (25, 46) . Once its nutrients are exhausted, bacterial replication halts, and the progeny induce traits that promote escape from their spent host, survival in the extracellular milieu, and the ability to infect subsequent phagocytic cells (27, 46, 57, 77) .
From studies of synchronous broth cultures, many of the regulatory elements that govern the reciprocal phases displayed by L. pneumophila during its life cycle have been discerned. During the exponential (E) phase of growth, the posttranscriptional regulator CsrA and the sRNA chaperone Hfq suppress transmissive-phase traits and promote replication (25, 41, 46) . However, once E-phase L. pneumophila experiences nutrient deprivation, cell division stops, and the enzymes RelA and SpoT produce the alarmone ppGpp (27, 77) . Activation of the stringent response pathway leads to an accumulation of ppGpp in the bacterial cytosol (27, 77) . As a result, transcription factors such as the alternative sigma factors RpoN, RpoS, and FliA likely recruit RNA polymerase to a new cohort of promoters (10, 12, 23, 51) . Meanwhile, the LetA/LetS (LetA/S) two-component system (Legionella transmission activator and sensor, respectively) activates expression of two small regulatory RNAs, RsmY and RsmZ (33, 52, 56) , which then bind to CsrA to relieve its repression of the transmission or postexponential (PE) traits (27, 28, 46) . Together with the alternative sigma factors and other regulatory proteins, the LetA/LetS system induces traits that enable efficient host transmission and survival in the environment, including cytotoxicity, motility, pigment production, infectivity, and lysosome evasion (23, 59 ).
For most two-component systems, the physiological stimulus that activates the signal transduction pathway has remained elusive. Although the alarmone ppGpp is known to coordinate L. pneumophila differentiation when either amino acid or fatty acid biosynthesis is compromised (17, 22, 27 ), a precise signal that triggers LetS autophosphorylation has yet to be identified. For the two-component systems where the environmental cues are known, it appears that multiple inputs can induce the phosphorelay (9) . By analogy, we predict that a variety of stimuli activate LetA/LetS and, likewise, L. pneumophila differentiation.
Whereas conventional two-component systems require a single phosphorylation event to induce a response, the L. pneumophila LetA/LetS system belongs to a family of signal-transducing proteins that use a multistep phosphorelay to regulate their response pathways. The prototype for this unorthodox family of signaling molecules is the Bordetella BvgA/BvgS system, which employs a four-step relay requiring consecutive phosphorylation of His-Asp-His-Asp residues (65, 67) . BvgS is a polydomain sensor protein whose large periplasmic domain is linked by a membrane-spanning region to three cytoplasmic signaling domains (13) . BvgA is the cytoplasmic activator kinase that, upon phosphorylation, gains affinity for Bvg-regulated promoters (13, 14) . Upon receiving an appropriate signal, BvgS autophosphorylates on a conserved histidine residue and then sequentially transfers the phosphoryl group along the relay, culminating with BvgA activation (66) . It has been proposed that the complexity of the BvgA/BvgS signaling mechanism enables Bordetella to express a spectrum of traits according to local conditions (15, 16, 60) . In support of this model, Bordetella alternates between at least three distinct phenotypic phases in response to various external stimuli (15, 35) . Cotter and Miller deduced that the BvgA/BvgS system regulates the amount of phosphorylated BvgA (BvgAϳP) present in the cell (15) . The level of BvgAϳP, together with the inherent binding affinity of each Bvg-regulated promoter, enables Bordetella to control the temporal expression of different classes of genes and, likewise, its different phenotypic states (14) .
Apart from the well-studied Bordetella system, other members within this family of two-component systems have not been analyzed to discern whether they also exhibit rheostatlike behavior that broadens their spectrum of phenotypic states. Sequence analysis indicates that the three predicted signaling domains of LetS are highly homologous to the analogous regions of Bordetella bronchiseptica BvgS, and the domain architecture is also comparable. Therefore, we exploited LetA/LetS to test whether the two-component regulatory system confers rheostat control in L. pneumophila. For this purpose, we constructed single amino acid substitutions in LetS and analyzed the mutants' phenotypic and transcriptional profiles. Our data indicate that, although their downstream circuitries differ, the L. pneumophila LetA/LetS two-component system resembles Bordetella BvgA/BvgS by functioning as a rheostat that can fine-tune the bacteria's virulence traits, which may augment versatility and fitness.
MATERIALS AND METHODS
Bacterial strains and culture. L. pneumophila Lp02 (thyA hsdR rpsL; MB110) is a virulent thymine auxotroph derived from the Philadelphia-1 clinical isolate (5) and was the parental strain for all constructed mutants (Table 1 ). To construct a letS (lpg1912) insertion mutant that lacks the plasmid pflaG (which contains the promoter for the flagellin gene, flaA, fused to green fluorescent protein [GFP] ), the letS locus containing the transposon insertion was amplified from MB417 and transferred to Lp02 by natural competence, resulting in strain MB416 (28) . Bacteria were cultured at 37°C in 5-ml aliquots of N-(2-acetamido)-2-aminoethanesulfonic acid (ACES; Sigma)-buffered yeast extract (AYE) broth and supplemented with 100 g/ml thymidine when necessary. Cultures having an optical density at 600 nm (OD 600 ) of 3.4 to 4.5 were defined as postexponential; within each experiment, similar culture densities were used to analyze strain phenotypes. To enumerate CFU, L. pneumophila cells were plated on ACESbuffered charcoal-yeast extract agar supplemented with 100 g/ml thymidine (CYET) and incubated at 37°C. For constructing amino acid substitutions in letS, the semidefined medium CAA was prepared as described previously (43) , and thymidine was added to 100 g/ml (CAAT medium). For solid CAAT medium, agar was added to 15 mg/ml, starch to 5 mg/ml, and trimethoprim to 100 g/ml.
Construction of letS chromosomal substitutions. The 3.1-kb letS locus was amplified from Lp02 genomic DNA using primers LetS F and LetS R (Table 2) ; the PCR fragment was purified and ligated into pGEM-T (Promega), and the resulting plasmid was designated pletS (MB596). Nucleotide substitutions were introduced into the letS open reading frame (ORF) in pletS using a QuikChange XL site-directed mutagenesis kit (Stratagene). A glutamate was substituted for the histidine at amino acid 307 by changing CAT to CAA with primers LetS Mut His F and LetS Mut His R (Table 2) , resulting in the plasmid pletS H307Q (MB610). To substitute methionine for the threonine at residue 311 of letS, ACC was changed to ATG using primers LetS Mutagenesis F and LetS Mutagenesis R (Table 2) , resulting in pletS T311M (MB597). Synthesis of plasmid DNA, template digestion, and transformations into Escherichia coli XL10-Gold were performed according to the manufacturer's protocols. Mutagenesis was verified by sequencing the letS locus using the primer LetS Mut Seq F ( Table 2) .
The gene encoding thymidylate synthetase was excised from pMB540 via EcoRI digestion and subcloned into the EcoRI site of pletS, which resulted in the insertion mutant pletS::thyA (MB598). The newly interrupted gene was amplified by PCR using primers LetS F and LetS R (Table 2 ), transferred to Lp02 by natural competence (61) , and selected for growth in the absence of thymidine (MB599). Then, the point mutants were amplified from their respective plasmids, pletS H307Q or pletS T311M , using primers LetS F and LetS R (Table 2) , and the PCR fragments were purified (Qiaquick PCR purification kit; Qiagen). Approximately 50 l of each PCR product was transferred to a 1-in. patch of MB599 on CYET medium. Following a 2-day incubation at 30°C, the patches of MB599 containing the PCR products were scraped off the CYET plates with a 1-ml pipette tip, and the cells were resuspended in 700 l of CAA medium. Several dilutions of the resuspension were plated onto solid CAAT medium with or without trimethoprim. Recombinants were selected for growth on medium containing trimethoprim and confirmed both by their thymidine requirement and by sequencing of the letS locus with the LetS Mut Seq F primer ( Table 2 ). The resulting L. pneumophila chromosomal substitution mutants, letS(T311M) and letS(H307Q), were designated MB600 and MB611, respectively.
Sequence and protein analysis. The membrane-spanning regions of LetS were predicted using Kyte-Doolittle hydropathy plots (34) . To predict the protein domains that are present in LetA and LetS, amino acid sequences were analyzed using the Conserved Domain Database (38) . For alignments of the two-component sensor kinases, amino acid sequences from the following were aligned using T-Coffee (6, 12, 19, 21, 39, 47, 48, 62, 72) (49) .
Macrophage culture. Bone marrow-derived macrophages were isolated from femurs of A/J mice (Jackson Laboratory) and cultured in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum (RPMI-FBS medium; Gibco BRL) as described previously (63) . After a 7-day incubation in L-cell supernatant-conditioned medium, macrophages were plated at 2.5 ϫ 10 Infectivity. To ascertain the degree to which L. pneumophila cells bind, enter, and survive inside macrophages, PE-phase bacteria were cocultured with macrophages at a 1:1 ratio in duplicate. The cells were centrifuged at 400 ϫ g for 10 min at 4°C and then incubated an additional 2 h at 37°C. To remove extracellular bacteria, the infected monolayers were washed three times with fresh RPMI-FBS medium. Macrophages were mechanically lysed in 1 ml of 1ϫ PBS, the lysate was plated onto CYET medium, and the cell-associated bacteria were enumerated (44) . Infectivity was expressed as follows: (number of cell-associated CFU at 2 h/number of CFU added at 0 h) ϫ 100 (2, 8) .
Cytotoxicity. To measure contact-dependent cytotoxicity of L. pneumophila for macrophages, PE-phase bacteria suspended in RPMI-FBS medium were added to macrophages at various multiplicities of infection (MOIs) in triplicate. After centrifugation at 400 ϫ g for 10 min at 4°C (44), cells were incubated for 1 h at 37°C. To assess macrophage viability, the infected monolayers were incubated for 6 to 12 h with RPMI-FBS medium that contained 10% alamarBlue (Trek Diagnostic Systems), and then reduction of the colorimetric dye was measured by spectrophotometry and calculated as described previously (27, 44) . In each experiment, experimental samples are compared to E-and PE-phase WT L. pneumophila negative and positive reference samples, as some variability that we do not understand can occur.
Lysosomal degradation. The percentage of microbes that were intact following a 2-h incubation in macrophages was determined by fluorescence microscopy. Briefly, cells plated onto coverslips in a 24-well plate were infected with PEphase L. pneumophila at an MOI of ϳ1. Following centrifugation at 400 ϫ g for 10 min at 4°C, the cells were incubated at 37°C for 2 h. After uninternalized bacteria were removed by washing with RPMI-FBS medium, the macrophages were fixed, permeabilized, and stained for L. pneumophila as described above, and duplicate coverslips were scored for intact rods versus degraded particles (3, 46) . Sodium sensitivity. Sodium sensitivity was determined by plating 10-fold serial dilutions of PE broth cultures in 1ϫ PBS onto CYET agar containing or lacking 100 mM NaCl. Following a 6-day incubation at 37°C, CFU were enumerated, and the percentage of sodium-sensitive bacteria was calculated as described previously (8) .
Pigmentation. To quantify pigment accumulation, 1-ml samples were obtained from broth cultures maintained in the PE phase for 5 days at 37°C. The aliquots were centrifuged at 16,000 ϫ g for 10 min, and supernatants were measured at the OD 550 (46) .
Motility. To qualitatively assess motility, 10-l wet mounts of broth-grown L. pneumophila were prepared and immediately examined by phase-contrast mi- 
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a Underlined nucleotides indicate site changes.
croscopy. The estimated percentage of motility was based on at least three independent observations of fields that contained several hundred microbes.
Flow cytometry. To monitor the promoter activity for an entire letS(T311M) population of cells, MB600 was transformed with pflaG, which contains the promoter for the flagellin gene, flaA, fused to a GFP reporter (27) . The resulting strain, MB605, was cultured in AYE medium; at the designated optical densities, samples were centrifuged at 5,900 ϫ g and washed in 1ϫ PBS to remove impurities, and the cells were normalized to 5 ϫ 10 5 in 1ϫ PBS. Total GFP fluorescence was analyzed using a BD FACSAria cell sorter. PE-phase MB355 and MB417 cells were used as positive and negative controls, respectively.
Statistical analyses for phenotypic assays. To calculate P values for infectivity, lysosomal degradation, sodium sensitivity, and pigmentation assays, one-way analysis of variance (ANOVA) was used for at least three independent samples.
RNA isolation, RNA labeling, and microarray hybridization. WT and letS(T311M) mutants were cultured on an orbital shaker at 37°C to an OD 600 of either 2 or 3 in 500 ml of AYE medium containing 100 g/ml thymidine. Next, 10-ml aliquots were centrifuged at 6,000 ϫ g for 2 min at 4°C, the culture supernatants were discarded, and the pellets were flash frozen and stored at Ϫ80°C. Total RNA was extracted using TRIzol (Invitrogen) as described previously (42) . The RNA was reverse transcribed and labeled with Cy3 or Cy5 according to the manufacturer's instructions (Amersham Biosciences). The microarrays were designed to contain gene-specific 70-mer oligonucleotides based on all predicted genes within the genome of L. pneumophila strain Paris (CR628336) and its plasmid (CR628338) (7) . In addition, genes specific to L. pneumophila strain Philadelphia-1 (AE017354) and strain Lens (CR628337) and its plasmid (CR628339) were added to the microarrays, as described previously (7). Hybridizations were performed following the manufacturer's recommendations (Corning) using 250 pmol of Cy3-and Cy5-labeled cDNA. Slides were scanned on a GenePix 4000A scanner (Axon Instruments), and the laser power and photomultiplier tube (PMT) were adjusted to balance the two channels. The resulting files were analyzed using Genepix Pro, version 5.0, software. Spots were excluded from analysis if they contained high background fluorescence, slide abnormalities, or weak intensity.
Data and statistical analysis for microarrays. Data normalization and differential analysis were conducted using the R software package (http://www.R -project.org). Background subtraction was not performed, but a careful graphical examination of all the slides was done to ensure a homogeneous, low-level background in both channels. A lowess normalization (76) was performed on a slide-by-slide basis (BioConductor package marray [http://bioconductor.org /packages/2.2/bioc/html/marray.html]). Differential analysis was carried out separately for each comparison between the two time points, using the VM method (VarMixt package [18] ), together with the Benjamini and Yekutieli P value adjustment method (53) . If not stated otherwise, only differently expressed genes with 2-fold change were taken into consideration. Empty and flagged spots were excluded from the data set, and only genes without missing values for the comparison of interest were analyzed. The complete data set is available at http://genoscript.pasteur.fr in a MIAME (minimum information about a microarray experiment)-compliant public database maintained at the Institut Pasteur.
Real-time PCR. Transcriptional analysis of RsmY and RsmZ was performed at cDNA concentrations ranging from 0.1 pg to 100 pg as described previously (7), and primers used are reported in Table 2 . Two biological replicates of the WT and the letS(T311M) mutant grown to OD 600 s of 2 and 3 were analyzed, and RsmY and RsmZ transcripts were quantified twice from each sample. As a control, csrA transcripts were quantified in duplicate in the same WT and letS(T311M) samples. Values of relative induction were calculated by groupwise comparison of the letS(T311M) transcripts versus WT transcripts at both cell densities (50) . All values reported are significant to a P value of Ͻ0.001.
RESULTS
Architecture of the LetA/LetS signal transduction system. Based on protein sequence, the L. pneumophila LetA/LetS two-component system belongs to the family of signaling molecules that use a polydomain sensor to activate or repress their target genes. LetS is a 103-kDa sensor kinase that is likely localized to the membrane by two transmembrane regions (Fig. 1A) . LetS is predicted to have three cytoplasmic signaling domains, namely, a transmitter, a receiver, and a histidine phosphotransfer domain (Fig. 1A) . The cognate response regulator, LetA, is a 43-kDa protein that contains a receiver domain and a helix-turn-helix motif (Fig. 1A) . By analogy to proteins of similar structure, it is predicted that, in response to a signal input, LetS autophosphorylates on a histidine residue and then sequentially transfers the phosphoryl group to an aspartic acid in the receiver domain, to a second histidine in the histidine phosphotransfer domain, and finally to an aspartic acid located in the receiver domain of LetA. Overall, LetS is only 18% identical to B. bronchiseptica BvgS at the amino acid level. However, within the region that contains the primary phosphorylation site, known as the H box, LetS is 78% identical and 89% similar to BvgS.
A threonine residue near the autophosphorylation site is conserved among the polydomain sensor kinases. Since LetS belongs to a family of two-component systems, we postulated that other sensor kinases within this unorthodox class of sig- LetS, a 103-kDa sensor protein, is likely tethered to the inner membrane by two transmembrane (TM) domains at its N terminus. The periplasmic (P) domain is connected via a linker (L) region to three cytoplasmic signaling domains, a transmitter (T), receiver (R), and histidine phosphotransfer domain (HPD). LetA is a 43-kDa activator kinase that contains a receiver (R) domain and a helix-turn-helix motif (HTH). It is predicted that, upon receiving a signal, LetS autophosphorylates on a conserved histidine residue, and then the phosphate is sequentially transferred to aspartic acid and histidine residues in LetS and finally to an aspartic acid in LetA. A histidine-to-glutamine substitution at amino acid 307 of LetS abolishes LetS activity, while a threonine-to-methionine substitution at position 311 creates a strain with sluggish transcriptional and phenotypic profiles. (B) Sequence alignment of the L. pneumophila LetS H-box region with related sensor kinases. Amino acid alignments were produced using T-Coffee. Dashes represent gaps introduced to optimize sequence alignments. Asterisks indicate identical residues while the colon and period represent conserved and semiconserved amino acids, respectively. The H-box region is underlined, and the primary histidine and conserved threonine residues are displayed above the alignment. Lp Moreover, the primary histidine residue, which is the proposed site for autophosphorylation, is conserved (Fig. 1B) . Importantly, the threonine residue, which, when replaced with methionine enables Bordetella to stably display an intermediate class of genes and phenotypes (15) , is also conserved among all family members analyzed (Fig. 1B) . Therefore, we used LetS as a tool to test whether other multidomain sensors within this family of two-component systems might exhibit rheostat-like behavior to customize their traits when they are challenged by environmental stresses and fluctuations.
Histidine 307 of LetS is critical for LetA/LetS activity. In response to a stimulus, the sensor protein of a microbial twocomponent system autophosphorylates on a histidine residue using ATP as a phosphate donor. In B. bronchiseptica, a histidine-to-glutamine substitution at amino acid 729 of BvgS abolishes its autophosphorylation as well as BvgA activation (66) . Sequence alignments between the L. pneumophila and B. bronchiseptica sensor kinases predict that histidine 307 of LetS is the initial site of phosphorylation (Fig. 1) . To test this model, we substituted a glutamine residue for histidine 307 of LetS. After verifying the unmarked, chromosomal point mutant, designated letS(H307Q), the mutant strain was analyzed for its expression of PE-phase phenotypes using WT L. pneumophila and an letS transposon insertion mutant (allele letS-36) as positive and negative controls, respectively.
For every trait examined, letS(H307Q) bacteria resembled the null mutant strain. After a 2-h incubation with macrophages, less than 5% of the L. pneumophila of letS(H307Q) and letS null mutant bacteria in the inoculum remained cell associated, whereas more than 15% of the WT bacteria did (Fig.  2A) . In addition, histidine 307 of LetS was essential for both flagellin-and contact-dependent cell death of macrophages (Fig. 2B) (44) . Likewise, phase-contrast microscopy indicated that letS(H307Q) mutants were completely defective for motility (data not shown). Using immunofluorescence microscopy to analyze the morphology of intracellular bacteria following 2 h of incubation within macrophages, we determined that, similar to the letS insertion mutant, only 40% of letS(H307Q) mutant cells resisted lysosomal degradation, whereas 80% of WT cells remained intact (Fig. 2C) . Furthermore, histidine 307 of LetS was necessary for both salt sensitivity (Fig. 2D) , a phenotype that reflects activity of the Dot/Icm T4SS (8, 55, 70) , and for production of a soluble melanin-like pigment that accumulates in the PE phase (Fig. 2E) (71, 73, 75) . Taken together, these genetic data are consistent with the model that histidine 307 is the autophosphorylation site of LetS and that the residue is critical for LetA/LetS activity.
An amino acid substitution at position 311 of LetS unveils a hierarchy among PE phenotypes. The paradigm in Bordetella suggests that the BvgA/BvgS system equips the bacterium with a rheostat to customize its expression profile. In support of this model, seminal work from Cotter and Miller demonstrated that a single amino acid substitution at residue 733 of B. bronchiseptica BvgS created a mutant that stably displayed intermediate phenotypes (15) . To test whether this feature is common to other family members, a methionine was substituted for the corresponding threonine at position 311 in the cytoplasmic transmitter domain of LetS, four residues from the proposed autophosphorylation site (Fig. 1A) . After sequence verification, the letS(T311M) mutant was analyzed for a panel of PE phenotypes.
Depending on the trait, the impact of the letS(T311M) mutation was complete, partial, or inconsequential. For example, the point mutant was intermediate for several PE-phase phenotypes, including entry and survival in macrophages (Fig. 3A) , contact-dependent cytotoxicity (Fig. 3B) , and evasion of lysosomal degradation (Fig. 3C) . Likewise, only approximately 25 to 40% of letS(T311M) mutants were motile, as indicated by microscopic analysis (data not shown). Surprisingly, the letS(T311M) mutants were identical to WT L. pneumophila in the PE phase with regard to their sodium sensitivity (Fig. 3D ), but the letS(T311M) mutants resembled letS null bacteria for pigment production (Fig. 3E) . Therefore, these phenotypic data support the model that the LetA/LetS system enables the bacteria to display a spectrum of traits. Moreover, the profile of letS(T311M) mutants revealed a hierarchy with regard to the expression of particular L. pneumophila PE-phase phenotypes since some traits were sensitive to the mutation, but others were not.
Promoter analysis demonstrates that the letS(T311M) mutant has a kinetic delay. The PE phenotypes of infectivity, cytotoxicity, and lysosome evasion all depend on motility (44) . Since the letS(T311M) mutant was intermediate for each of these traits, we predicted that, at the cell density analyzed, either all cells in the sample express the flagellin promoter at a weaker level than the WT, or the timing of flagellin expression is altered in letS(T311M) cells. To help distinguish between these two models, we monitored promoter expression by transforming the WT and the letS(T311M) mutant with a reporter construct that contained a transcriptional fusion of the flagellin promoter flaA fused to gfp. Flow cytometry indicated that at an OD 600 of 1.0, the majority of cells in WT cultures had low levels of flaA expression (Fig. 4A) . At the transition between the E and PE phases (OD 600 of Ϸ3.0), two populations of cells were present in WT samples: one had low flaA promoter activity, and another showed robust induction of the flagellin promoter (Fig. 4A) . Once WT L. pneumophila reached the PE phase (OD 600 of 3.4), every cell in the population induced flaA to high levels (Fig. 4A) . It was striking that flaA promoter activity was delayed in the letS(T311M) mutant compared to WT L. pneumophila (Fig.  4B) . For example, cells in the letS(T311M) mutant population did not highly induce the flagellin promoter until an OD 600 of 4.2, a density significantly higher than the OD 600 of 3.4 where WT cultures fully activated flaA expression (compare Fig. 4A and B) . Thus, every cell in the letS(T311M) population is able to activate the flaA promoter to WT levels, but the mutants have a kinetic defect.
Transcription of rsmY and rsmZ is also delayed in the letS(T311M) mutant. The recently identified noncoding RNAs RsmY and RsmZ are critical components of the L. pneumo-phila differentiation circuitry (34, 52, 56) . As described for orthologous systems (37), the LetA/LetS two-component regulatory system directly induces expression of RsmY and RsmZ, two regulatory RNAs that bind CsrA protein to relieve its repression of transmissive-phase genes (46, 52, 56) . One indication that LetA/LetS governs L. pneumophila differentiation predominantly by inducing RsmY and RsmZ production in the PE phase (52, 56) is the similar transcriptional profiles of letA, letS, and rsmY rsmZ null mutant L. pneumophila bacteria (56) . Since flow cytometry analyses determined that the letS(T311M) mutants exhibit a kinetic delay in expression of the transmissive-phase gene flaA (Fig. 4) , we tested the prediction that, compared to WT L. pneumophila, letS(T311M) mutant induction of rsmY and rsmZ expression in the PE phase would be delayed.
Indeed, when cultured to OD 600 of 2, letS(T311M) bacteria contained 20-and 50-fold less RsmY and RsmZ RNA, respectively, than the WT, as determined by reverse transcription-PCR (RT-PCR). However, at a later growth phase (OD 600 of 3), the difference between letS(T311M) mutant and WT bacteria had diminished, as the RsmY and RsmZ RNAs were only 6-and 3-fold lower, respectively. Thus, kinetic analysis of the PE-phase induction of both the regulatory RNAs and the transmissive-phase flaA gene (Fig. 4) suggests that a sluggish transcriptional response accounts for the altered transmissive profile of letS(T311M) mutants (Fig. 3) .
Transcriptome analysis indicates that the letS(T311M) mutant has a delayed transmissive profile. RsmY and RsmZ directly relieve CsrA repression of numerous transmissive traits and genes (25, 46, 52, 56) , including several that are poorly expressed by letS(T311M) mutants (Fig. 3 and 4 ). Therefore, we tested the prediction that their delayed transmissive-phase gene expression extends beyond the flaA, rsmY, and rsmZ promoters. For this purpose, the transcription profiles of letS(T311M) and WT L. pneumophila were compared at two different stages of growth via microarrays using chips bearing 70-mer oligonucleotides that represent each gene in the Paris, Lens, and Philadelphia-1 strains.
FIG. 2. Histidine 307 of LetS is required for the expression of PE-phase phenotypes. (A)
The percentage of PE-phase bacteria that were viable and associated with macrophages after a 2-h incubation at an MOI of 1 is shown. (B) The fraction of viable macrophages was assessed by the reduction of the colorimetric dye alamarBlue after coculture for 1 h with PE-phase WT (circles), letS (squares), or letS(H307Q) (triangles) bacteria over a range of MOIs. Shown is a representative graph from three independent experiments preformed in triplicate. (C) The percentage of PE-phase bacteria that remained intact following a 2-h incubation with macrophages at an MOI of 1 was determined by fluorescence microscopy. (D) The percentage of sodium-resistant bacteria was determined after PE-phase cultures were plated on medium with or without 100 mM NaCl. (E) Soluble pigment in culture supernatants of WT, letS, and letS(H307Q) bacteria was quantified after a 5-day incubation period. For bar graphs in panels A, C, D, and E, the means Ϯ standard deviations from duplicate samples in three independent experiments are displayed. Asterisks indicate statistically significant differences (P Ͻ 0.01) compared to WT PE-phase bacteria.
The data displayed in Table 3 indicate that a kinetic hierarchy exists among the LetA/LetS-regulated genes. By this model, genes that are expressed poorly by the letS(T311M) mutant at OD 600 s of both 2 and 3 likely represent factors that the LetA/LetS system activates throughout the PE phase (e.g., lpg0012) ( Table 3) . On the other hand, genes that are poorly expressed by the letS(T311M) mutant compared to WT only at an OD 600 of 2 represent factors that L. pneumophila normally induces early during the PE transition. Several class II flagellar genes displayed this pattern (flgDEFGHIJKL [lpg1218-26]) (Table 3) . At an OD 600 of 2, letS(T311M) mutants contained less of each flagellar class II RNA than the WT; however, by an OD 600 of 3 the WT and mutant RNA levels were indistinguishable (Table 3) . Two more class II flagellar genes were also repressed in the letS(T311M) mutant, fliHG (lpg1758-9), although the level of repression was slightly below the cutoff value of 2.0 (Ϫ1.7 and Ϫ1.8, respectively) (data not shown). In contrast to PE-phase WT and letS(T311M) mutant L. pneumo- In total, the mRNAs of 41 genes were significantly reduced in the letS(T311M) mutant compared to WT at an OD 600 of 2 (see Table S1 in the supplemental material). Of these genes, 20 had been identified as "early transmissive traits" during L. pneumophila growth in Acanthamoeba castellanii (7) . Genes critical for polyhydroxybutyrate (PHB) synthesis (phaB1 [lpg0560] and phaB3 [lpg1059]) were poorly expressed by the mutant strain at an OD 600 of 2 (Table 3; see also Table S1 ). In addition, expression of several regulatory genes was reduced in the letS(T311M) mutant compared to the WT, including two genes that are predicted to contain EAL domains (lpg0277 and lpg1168), a two-component response regulator (lpg2457), and lpl1183
a ID, identifier. b -, no statistically significant difference in expression was detected between WT and letS(T311M) mutant bacteria. c These genes were not predicted in the Philadelphia-1 strain. Their identifiers therefore became that of the gene located upstream on the chromosome with the addition of the letter "a." For exact location and orientation of these genes, see Table S2 in the supplemental material.
the response regulator lqsR (lpg2732) ( Table 3; see also Table  S1 ). Previous microarray experiments revealed that lqsR regulates the expression of genes involved in virulence, motility, and cell division, consistent with a role for LqsR in the transition from the E to the PE phase. However, lqsR expression is also dependent on RpoS and, to a lesser extent, LetA (64) . Therefore, the letS(T311M) mutation may affect expression of lqsR and other early transmissive-phase genes either directly or indirectly.
At an OD 600 of 3, shortly after the broth cultures entered PE phase, the expression of 87 genes was significantly reduced in the letS(T311M) mutant compared to WT L. pneumophila (see Table S1 in the supplemental material). Among this group are 13 of the 23 late transmissive-phase genes identified for WT L. pneumophila cultured in A. castellanii (7) ( Table 3) , including the sigma factor gene rpoE, putative transcription factor lpp0636, type IV fimbrial pilin-related genes lpg0632 and lpp0686, and the virulence-associated enhA3 locus. Nearly 50 of these genes encode unknown functions, and most lack similarity with any other protein or domain stored in the publicly available databases (see Table S1 ). Among the known genes, expression of several that are involved in L. pneumophila virulence were reduced at an OD 600 of 3 in the letS(T311M) mutant, including those encoding substrates of the Dot/Icm T4SS sdeA (lpg2157) and sidG (lpg1355), enhanced entry protein enhA2 (lpg0910), and the newly identified cytotoxic glycosyltransferase legC8 (lpg2862) (4) . The expression of several regulatory proteins was also clearly affected by the letS(T311M) mutation. In addition to the PE-specific sigma factor rpoE (lpg1577) (7), which was reduced 4-fold in the letS(T311M) mutant compared to WT bacteria (Table 3; see also Table S1 ), mRNAs for the GGDEF protein encoded by lpg2132, as well as several members of putative two-component systems (lpg2145, stuC [lpg2146], and arcB [lpg2181]) were significantly diminished in letS(T311M) bacteria (Table 3; see also Table S1 ).
One especially informative class of genes was the flagellar regulon. Expression of flaA (lpg1340) was decreased 4-fold in the letS(T311M) mutant compared to expression in the WT at an OD 600 of 3. It is important to note that flaA, which encodes flagellin, is located at the bottom of the flagellar hierarchy and is commonly referred to as a class IV gene in the flagellar biosynthesis cascade (1, 59) . Consistent with the sluggish flaA expression (Fig. 4 and Table 3 ; see also Table S1 in the supplemental material), expression of the upstream flagellar class II genes was diminished in the letS(T311M) mutant at an OD 600 of 2 but not at the later time point when the OD 600 reached 3 (Table 3; see also Table S1 ). Unlike PE-phase WT and letS(T311M) L. pneumophila bacteria, letA and letS null mutants are defective for induction of the flagellar regulon (56) . Therefore, both our transcriptional profiling and flow cytometry data indicate that the letS(T311M) mutant is delayed in inducing the flagellar regulon.
DISCUSSION
The L. pneumophila LetA/LetS two-component system belongs to a family of signaling molecules that encode a four-step phosphorelay to activate or repress their target genes. The archetype for this family of two-component systems, the Bordetella BvgA/BvgS system, exhibits rheostat-like behavior.
Likewise, in stark contrast to an on/off switch, the LetA/LetS system enables L. pneumophila to display a continuum of phenotypic phases to regulate its cohort of genes. To investigate whether the BvgA/BvgS paradigm applies to other family members, we analyzed the LetA/LetS system of L. pneumophila. By sequence analysis, we demonstrated that the H-box regions of the sensor kinases are highly conserved among all family members (Fig. 1B) . Moreover, both the primary histidine residues and the threonine residues located four amino acids downstream of the autophosphorylation sites are also conserved (Fig. 1B) . Using the letS(T311M) mutant as a tool, transcriptional and phenotypic analyses indicated that LetS permits Legionella to express a variety of phenotypic profiles, a versatility that may increase its ability to combat the stresses and challenges in its local environment. Based on the sequence homology within this family of two-component systems, we predict that rheostat-like behavior is widely used by microbes to confer versatility and enhance overall fitness.
Our data revealed a hierarchy among LetA/LetS-regulated genes and phenotypes. For example, the letS(T311M) mutant was similar to WT L. pneumophila with respect to salt sensitivity (Fig. 3D ). This phenotype depends on the expression of the Dot/Icm T4SS and is thought to reflect a large pore formed by the apparatus that allows sodium ions to enter the bacterial cell (8, 55, 70) . In support of this model, dot/icm genes were similar in the letS(T311M) mutant and WT bacteria based on microarray analysis, thus corroborating our phenotypic data ( Fig. 3D and data not shown) .
Unlike sodium sensitivity, expression levels of several other L. pneumophila PE-phase phenotypes by the letS(T311M) mutant pattern fell between those of WT and letS null bacteria. In particular, the point mutant was intermediate for its entry and survival in macrophages, cytotoxicity, and avoidance of the lysosomal compartment (Fig. 3A to C) . Moreover, microscopic examination of the letS(T311M) mutant at various points during the L. pneumophila growth phase indicated that, at any given time, less than half of the population of the point mutant cells were motile (data not shown). Previous studies indicated that infectivity, cytotoxicity, and lysosomal degradation are all largely dependent upon motility (44) . Thus, the intermediate phenotype displayed by the point mutant in each of these assays underscores the interdependency of this set of traits.
To assemble the flagellum, L. pneumophila requires a fourtiered regulatory cascade in which the expression and timing of each component must be tightly controlled (11, 59) . The behavior of the letS(T311M) mutant illustrates that the precise coordination of the flagellar regulon is essential for constructing a functional apparatus. Although every cell in the letS(T311M) population eventually induces the promoter for flagellin to WT levels, as judged by flow cytometry data (Fig.  4) , only a subset of the letS(T311M) mutant population becomes motile (data not shown). Furthermore, microarray data determined that, at an OD 600 of 2, mRNAs for the flagellar class II genes (flgDEFGHIJKL [lpg1218-26]) were diminished in the letS(T311M) mutant compared to those of WT L. pneumophila (Table 3; see also Table S1 in the supplemental material). At a later growth phase (OD 600 of 3), this defect disappeared; instead, expression of the flagellar class IV gene flaA was reduced in the letS(T311M) mutant (Table 3; see also  Table S1 ). This pattern is distinct from those of null mutant (56) . Accordingly, we infer that the motility defect of the letS(T311M) mutant is the result of a kinetic defect that disrupts coordination of the flagellar regulatory cascade.
In Bordetella, the ability of the BvgA/BvgS system to regulate different classes of genes depends on the rate of the phosphorelay, the amount of BvgAϳP, and the binding affinities of BvgA protein for the promoter regions of Bvg-regulated genes (14) . Accordingly, high rates of phosphate flowing through the relay lead to high levels of BvgAϳP, whereas lower rates of phospho-transfer lead to less phosphorylated activator kinase in the cell (14) . It is predicted that the intermediate phase displayed in the Bordetella bvgS(T733M) mutant reflects a decrease in the intracellular concentration of BvgAϳP (20, 32, 74) . We favor a similar model in which the transcriptional and phenotypic defects displayed by the letS(T311M) mutant are due to a slower or less efficient phosphorelay. In this scenario, the amount of phosphorylated LetA (LetAϳP) in the cell is significantly less than that of WT L. pneumophila, thereby altering the timing of the expression of LetA/LetS-regulated traits. Work from Sahr et al. indicates that the LetA/LetS system is inactive during the E phase of the L. pneumophila life cycle (56) . Instead, genes required for replication are induced, including genes for DNA replication and protein synthesis, and also the global repressor of PE phenotypes csrA (Fig. 5) (25, 46) . It is predicted that a signal generated at the onset of the PE phase triggers the LetA/LetS system (56) . We postulate that lower levels of LetAϳP are sufficient to activate genes of the Dot/Icm T4SS and, likewise, induce sodium sensitivity since the letS(T311M) mutant was transcriptionally and phenotypically similar to WT L. pneumophila for these traits ( Fig.  3D and 5 ; also data not shown). Perhaps more LetAϳP is needed to induce the flagellar cascade since the letS(T311M) mutant was delayed in transcription of the flagellar genes (Fig.  4 and 5 and Table 3; see also Table S1 in the supplemental material) and also intermediate for each of the motility-dependent phenotypes (Fig. 3A to C and 5) . Finally, high levels of LetAϳP are likely required for pigmentation, because the letS(T311M) mutant never accumulated detectable levels of the soluble pigment ( Fig. 3E and 5) . Likewise, we infer that higher levels of LetAϳP are needed to transcribe lpg0012 and lpg1174 since the mRNA of each was significantly diminished in the letS(T311M) mutant compared to WT bacteria at OD 600 s of both 2 and 3 (Table 3 and Fig. 5 ; see also Table S1 ). Taken together, our transcriptional and phenotypic data support the rheostat model of regulation (14) , whereby a twocomponent system can equip a bacterium with a mechanism to fine-tune its expression of gene hierarchies.
While work in Bordetella indicates that the Bvg intermediate phase is mediated by lower levels of BvgAϳP (20, 32, 74) , we have not ruled out the formal possibility that the sluggish transcriptional and phenotypic profiles observed in the L. pneumophila letS(T311M) mutant are due to alterations in protein stability. Attempts to analyze protein levels and phosphorylation through overexpression and purification of epitope-tagged WT LetS and the LetS(T311M) mutant proteins were unsuccessful (data not shown). In particular, both strain and plasmid variants arose at high frequencies. The instability we observed is in accordance with molecular analysis indicating that spontaneous mutations commonly arise in a homopolymeric tract of thymines present in LetS, which frequently generates truncated proteins (C. Buchrieser et al., personal communication). Moreover, this phenomenon is not unique to the L. pneumophila LetA/LetS system. Studies of the analogous GacA/GacS two-component system in Pseudomonas   FIG. 5 . Model of the LetA/LetS system as a rheostat to fine-tune its phenotypic profile. When L. pneumophila cells are in the E phase of growth, the LetA/LetS system is likely inactive. At this time point, genes that are essential for L. pneumophila replication are induced, for example, the posttranscriptional regulator csrA. When LetS receives an appropriate signal, the sensor kinase autophosphorylates, and as phosphate flows through the relay, the amount of LetAϳP accumulates. It is predicted that the amount of LetAϳP required to activate the Dot/Icm T4SS and sodium sensitivity is low, as letS(T311M) mutants are similar to the WT for these traits. Perhaps intermediate levels of LetAϳP are required to activate the PE-phase phenotypes of infectivity, cytotoxicity, and lysosomal avoidance as letS(T311M) mutants exhibit intermediate phenotypes compared to WT and letS null bacteria. Also, intermediate levels of LetAϳP are likely needed to induce motility since a kinetic defect was observed in genes of the flagellar cascade for the letS(T311M) mutant. Presumably, substantial levels of LetAϳP are required for pigmentation as letS(T311M) mutants do not accumulate high levels of the soluble pigment. Likewise, high levels of LetAϳP are probably required to induce lpg0012 and lpg1174 since the letS(T311M) mutant was repressed for these genes at OD 600 s of both 2 and 3 compared to WT L. pneumophila.
indicate that spontaneous point mutations, deletions, and DNA rearrangements in either the sensor or the activator kinases lead to colony phase variation (68) . However, based on the striking sequence and functional similarities displayed by the LetA/LetS and BvgA/BvgS systems, we favor the model that the transcriptional and phenotypic profiles controlled by the L. pneumophila two-component system are due to fluctuations in the rate of the phosphorelay rather than alterations in LetS protein levels (14) .
Although the Bordetella BvgA/BvgS system has been an informative paradigm for this family of signaling molecules, significant differences in the architecture of the Bordetella and Legionella regulatory cascades exist. Namely, the Bordetella two-component system controls many classes of genes through differences in the binding affinities of BvgAϳP to variations in the consensus sequences of the Bvg-regulated promoter regions (14) . However, no conserved LetA-dependent DNAbinding motifs could be identified upstream of any of the LetA/LetS-regulated genes (56) . Instead, bioinformatic and biochemical data suggest that LetA binds only to a conserved palindromic sequence located upstream of the regulatory RNAs, RsmY and RsmZ, which work together with LetA/LetS to regulate the genes and phenotypes responsible for the PE phase in L. pneumophila (25, 31, 33, 46, 52, 57) . Interestingly, while rsmY and rsmZ transcripts are reduced in ⌬letA and ⌬letS mutants in the late PE phase (OD of 4.3), their expression is not completely abolished; thus other factors might contribute to their regulation (55) . We predict that the rate of the LetA/ LetS phosphorelay affects the amount of LetAϳP, which in turn impacts the amount of RsmY and RsmZ transcribed and the ability of the small RNAs to titrate CsrA from its respective cohort of mRNAs (56) . In support of this model, we demonstrated that the letS(T311M) mutant had less RsmY and RsmZ transcribed than WT L. pneumophila, presumably because less intracellular LetAϳP is present in letS(T311M) bacteria. By analogy to the Bordetella system, perhaps CsrA has different affinities for particular mRNAs. If so, the amount of RsmY and RsmZ would then affect the order in which mRNAs are relieved from CsrA repression. We envision that by having the LetA/LetS and Csr systems in tandem, L. pneumophila can adapt to stresses more quickly since mRNA transcripts for critical transmission traits would already have been generated. Unlike Bordetella, which lacks the Csr system, many other members within this family of two-component systems contain this additional layer of regulation, including A. baumannii, C. burnetii, E. coli, S. Typhimurium, P. aeruginosa, V. cholerae, K. pneumonia, S. flexneri, and Yersinia (29, 36, 37) . Thus, the L. pneumophila LetA/LetS system can serve as a valuable alternative model for this large family of signaling molecules.
